Craigmill, A. L. A physiologically based pharmacokinetic model for oxytetracycline residues in sheep. J. vet. Pharmacol. Therap. 26,[55][56][57][58][59][60][61][62][63] A physiologically based pharmacokinetic model (PBPK) for oxytetracycline (OTC) residues in sheep was developed using previously published data from a combined serum pharmacokinetic and tissue residue study [Craigmill et al. (2000) J. Vet. Pharmacol. Ther. 23, 345]. Physiological parameters for organ weights and tissue blood flows were obtained from the literature. The tissue/ serum partition coefficients for OTC were estimated from the serum and tissue residue data obtained at slaughter. The model was developed to include all of the tissues for which residue data were available (serum, kidney, liver, fat, muscle and injection site), and all of the remaining tissues were combined into a slowly perfused compartment with low permeability. Total body clearance of OTC calculated in the previous study was used as the starting value for clearance in the PBPK model, with the kidney being the only eliminating organ. The model was built using ACSL (Advanced Continuous Simulation Language) Graphic ModelerÒ, and the model was fit to the serum and tissue data using the ACSL Math/OptimizerÒ software (AEgis Technologies Group, Inc., Huntsville, AL, USA). A sensitivity analysis was also performed to determine which parameters had the greatest effect on the goodness of fit. Numerous strategies were tested to model the injection site, and a model providing a biexponential absorption of the drug from the injection bolus gave the best fit to the experimental data. The model was validated using the clearance parameters calculated from the traditional pharmacokinetic model for each individual animal in the PBPK model. This simple PBPK model well predicted OTC residues in sheep tissues after intramuscular dosing with a long-acting preparation and may find use for other species and other veterinary drugs.
INTRODUCTION
Physiologically based pharmacokinetic (PBPK) modeling has found extensive use in toxicology and predictive risk assessment for modeling of chemical exposures among various laboratory animals and extrapolation to humans (Charnick et al., 1995; Clewell, 1995; Haber et al., 2001) . One of the advantages of PBPK modeling is the ability to predict tissue concentrations of chemicals based on physiological and metabolic parameters for each species of interest. This ability of PBPK modeling to predict tissue concentrations of chemicals at various times after complex exposures has been applied to drugs in food animals in only a few cases. One of the first applications of PBPK to food animals was in salmon to model the disappearance of oxytetracycline (OTC) from edible tissues (Brocklebank et al., 1997) . This model was based on two earlier works that developed PBPK models for exposure to waterborne contaminants (Nichols et al., 1990; Law et al., 1991) . An abstract showing a PBPK model developed for OTC in cattle serum and tissues has been presented (Achenbach et al., 1998) ; however, details have not yet been published. The application of a PBPK model to the prediction of withdrawal times for OTC in Chinook salmon has demonstrated the applicability of PBPK modeling to the prediction of tissue residues in food animals and the establishment of withdrawal periods (Law, 1999) . The purpose of the work described in this paper was to develop, apply and validate a PBPK model for the prediction of tissue residues of OTC in sheep after intramuscular (i.m.) dosing with a long-acting formulation.
MATERIALS AND METHODS

Model
The model was developed using Advanced Continuous Simulation Language (ACSLÒ, AEgis Technologies Group, Inc., Huntsville, AL, USA), which includes a Graphic ModelerÒ (Version 4.9.4) component for model development and an ACSL Math/ OptimizerÒ (Version 2.5.4) component for fitting the model to the data, and for predictions and sensitivity analysis.
The model was developed to be useful for predictive purposes, so it was constructed in the simplest possible manner that would give a good fit to the experimental data. Therefore, all of the measured tissues were included as compartments (blood, muscle, injection site, liver, kidney and fat) and an additional compartment was used to model all of the other tissues for which time/ concentration data were not collected. Physiological and anatomical parameters for adult sheep were obtained from the literature for model development. These parameters and their sources are presented in Tables 1 & 2 . After its development, the model was fit to serum and tissue residue data (Craigmill et al., 2000) . Individual animal serum data, which were not published, were used in addition to the individual animal tissue data points.
As enterohepatic recirculation was not considered to be necessary for this model, the hepatic blood flow was modeled as a single value with the arterial and portal flows combined. This six-compartment model is shown in Fig. 1 . All of the anatomical/ physiological parameters were included in an unconnected ÔblockÕ (compartment) that contained all the global values for the model. The differential equations that describe each compartment are presented in Table 3 . Details of the ACSLÒ coding and equations for individual compartments are presented in Appendix 1. As OTC is excreted primarily in urine, and total body clearance of OTC and renal clearance are virtually identical in cattle (Nouws et al., 1985) , the kidney was the only organ that included a clearance parameter. The starting clearance value for model fitting was the average clearance (1.74 mL/ min kg) found for sheep in an earlier study (Craigmill et al., 2000) .
The injection bolus was not considered as a physiological compartment in the PBPK model, but as a separate absorption compartment without blood flow. The input from the injection bolus was into the injection site muscle, not directly into the blood compartment. Absorption from the injection bolus into the 500-g muscle injection site was modeled using a biexponential process, in which the slower phase rate constant and fraction of the dose allocated to the slower phase were dependent on the fast phase rate constant and fraction of the dose allocated to the fast phase. These parameters were purposefully made very flexible to find the optimum values for fitting the model. The equation describing the absorption process is
where Amount is the amount remaining at the injection site, Fx is the fraction of the dose allocated to the fast phase of absorption governed by the fast rate constant of absorption k fast , Dose is the total dose delivered, and k slow is the slow rate constant of absorption defined as fraction of k fast .
Cardiac output values were adjusted to reflect organ plasma perfusion by including a parameter for the hematocrit. The hematocrit values were obtained from an earlier unpublished study involving 20 normal, healthy sheep (10 wethers and 10 females). The mean value, 0.333, of all the animals was used.
The injection sites collected previously (Craigmill et al., 2000) consisted of 0.5 kg of muscle tissue surrounding the i.m. injection site. The injection site was modeled as a separate 0.5-kg Ôsub-compartmentÕ of the total body muscle. The ÔbaselineÕ concentration of OTC in the 0.5-kg injection site was the same as that calculated for total body muscle using the muscle partition coefficient (R muscle ¼ R IS ) and fractional blood flow to the injection site (Q IS ). Thus, the concentration of OTC in the injection site muscle was the sum of the ÔbaselineÕ concentration in the 0.5 kg of muscle, plus the remaining amount of unabsorbed drug in the injection ÔbolusÕ divided by 0.5 kg. 
Model fitting procedures
The ACSL software contains an optimization routine for fitting models to experimentally collected data. Model parameters can be adjusted to achieve the best possible fit to the experimental data points using a maximum likelihood estimation algorithm (Generalized Reduced Gradient included in the ACSL Math/ OptimizerÒ). Limits are set on how much parameters can be adjusted to insure that the results are biologically plausible. After extensive fitting runs to test the effects of modifying various parameters on the ÔfitÕ, the optimization procedure was limited to nine parameters. For this study, the parameters that were included in the optimization procedure were the fast rate constant of absorption, the percentage of dose handled by the fast phase, the slower rate constant of absorption (as a fraction of the fast constant), the total body clearance, the partition coefficients of the muscle, fat, liver and kidney tissues, and the blood flow to fat. Starting values and limits for these parameters are shown in Table 4 .
Model validation
In order to validate the usefulness of the model for predicting tissue residues, the clearance parameters previously calculated from the serum pharmacokinetics for individual sheep were used to predict tissue concentrations at their time of slaughter using the PBPK model. All of the PBPK model parameters were set to those that were optimal for fitting the model to all of the animal data. The clearance parameter in the PBPK model was then set to the value derived from the serum data for each individual animal, and the model run to predict all of the tissues at the time of slaughter. The observed and predicted values were plotted and linear regressions performed for each tissue.
RESULTS
The final (optimal) parameters obtained from the optimization of the model to the experimental data are presented in Table 4 . The optimized parameters are very similar to the initial starting values for the parameters except for the kidney partition coefficient (P), which was increased by approximately 30% over the observed P from the terminal phase of the tissue residue study, and the clearance parameter that was increased approximately 40%. Plots of the resulting fit of the model to the residue data are shown in Fig. 2 . Plots of the standardized residuals for each tissue shown in Fig. 3 show even distributions about zero for all tissues at all times except for the liver, in which the residuals for the 24-h time-point were all positive. Sensitivity analysis of these parameters showed that the fast rate constant of absorption and the renal clearance were the most important parameters for determining the OTC residue concentration in each tissue over time.
The results of the validation procedure are shown in Fig. 4 . The regression results for comparing the model predicted and the observed tissue concentrations are presented in Table 5 . The injection site residues were the only ones that were not well predicted by the model. In all cases except the injection site, the model over predicts the residues at each time; however, the over prediction is consistent for each tissue and can be accounted for using the equation for each tissue plot of observed vs. predicted residue.
DISCUSSION
Several papers have been published using PBPK modeling to predict tissue residues of drugs in fish (Brocklebank et al., 1997; Law et al., 1991; Law, 1999) and one abstract has been presented on work done to develop a PBPK model for OTC in cattle blood and tissues (Achenbach et al., 1998) . Unfortunately, a full publication of this model has not been published; however, the abstract describes work in cattle that is virtually identical to what has been done in this paper for sheep. This paper presents the first use of PBPK modeling for tissue residues and serum pharmacokinetics of a drug in sheep. The validation of the model using the clearance parameters calculated from only serum data showed that the model works well. The consistent over Observed Fig. 4 . Model validation plots of observed data and predicted data using individual animal clearance parameters and earlier serum pharmacokinetic study (Craigmill et al., 2000) .
may be less than 1 and is likely to be approximately 75%. This would result in an overestimation of the concentrations with 100% bioavailability assumed in the model. Optimally, an external data set would be used to validate that this model is predictive outside of the data set used to develop the model. Another data set of OTC tissue residues in sheep is not available to do this, thus external validation is not possible at this time.
Oxytetracycline is a relatively simple drug to work with for PBPK modeling because it is not metabolized and is excreted unchanged in urine. In addition, its distribution to edible tissues appears to be governed primarily by its partition coefficient in those tissues. It is interesting to note that the partition coefficient for OTC into fat as calculated by this model is 0.086. Three values listed for the log P of OTC in octanol/water media are )0.96, )1.12, and )1.6 (Riviere et al., 1991) . When converted to fractions, these values are 0.11, 0.076, and 0.025, respectively (mean ¼ 0.070), which corresponds closely with the model optimized P value for OTC in sheep fat/blood (0.085). This suggests that for some drugs it may be possible to use octanol/ water partition coefficients as starting approximations for tissue partition coefficients if blood/tissue data are unavailable.
This simple model can serve as a starting point for further exploration of the use of PBPK models in the prediction of drug residues in ruminants. Further studies are planned to apply this model to data in cattle and goats, and for other drugs. Table 5 . Model validation results comparing the model predicted tissue concentrations at slaughter to those observed at slaughter, using the optimal model parameters and the unpublished clearance parameters for individual animals from an earlier study (Craigmill et al., 2000) Tissue
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